Introduction
Bird eggshell is one of the most underused resources in archaeology and palaeontology: it can provide precious information on past environments and the way humans behaved and interacted with animals within a landscape (Saywell, 1934; Thomson, 1981; Miller and Willoughby 2014; Best, Demarchi, and Presslee 2015; Best and Mulville 2016; Jonuks et al. 2017) . However, the potential of eggshell has been held back by the difficulty in identifying the bird species to which the shells belong. Traditionally, identification is based upon size (curvature and thickness) and organisation (shell and pore structure and organisation), the latter requiring detailed microscopic examination in addition to a good reference collection (Murphy, 1978; Keepax, 1981; Sidell, 1993; Eastham and Gwynn 1997; Apolinaire and Turnes 2010; Medina, Hospitaleche, and Turnes 2011) . Morphological examination is timeand cost-intensive and affected by taphonomy, which degrades and alters the shells' structure (Kuhn et al. 2015) .
MALDI-ToF (matrix-assisted laser desorption ionisation-time of flight) mass spectrometry has been used to identify proteinaceous materials by exploiting the taxonomic specificity of protein sequences (as these are translated from DNA; Hollemeyer, Altmeyer, and Heinzle 2002) . Identification is achieved by cleaving protein sequences enzymatically and matching the resulting peptide masses to the experimental MALDIToF data (including de novo peptides obtained by MS/MS). When this is carried out on proteins from organisms of known species, it allows identification of a set of taxon-specific peptide masses (m/z), i.e. markers, which are used for identification of archaeological samples. This method was first applied to the analysis of hair keratins from an archaeological sample (Ötzi the Iceman's clothing) in 2008 (Hollemeyer et al. 2008) . Keratins have also been studied from archaeological horn, baleen, hair and textiles (Solazzo et al. 2011; but the method has seen its widest adoption in archaeology using the more robust and widely occurring protein collagen, found in bone, teeth, antler, ivory, leather and parchment (Buckley et al. 2009 Korsow-Richter et al. 2011; von Holstein et al. 2014; Fiddyment et al. 2015; Buckley, Giovas, and LeFebvre 2018) .
For eggshell identification, Stewart et al. (2013) adapted this method and proposed a "profiling" approach in which the full mass spectra (i.e. the whole m/z list or "peak" list) were matched (using an in-house Virtual Basic application, "ChickenHawk") to a reference database of "peaks" detected in each of the 56 bird taxa they considered. They also identified "marker peaks" for some bird species. However, at the time of their study few bird genomes were available, and therefore taxon-specific peptide markers of known sequence could not be identified, unless by direct sequencing. In contrast, the present study uses an extensive dataset of peptide sequences, obtained de novo by LC-MS/MS and takes advantage of recently released bird genomic data for their identification (Jarvis et al. 2014) .
The peptide markers determined in this study were used to identify archaeological eggshell from a recent excavation conducted by the University of Leicester Archaeological Services (ULAS) at Freeschool Lane, Leicester (UK). Archaeological and historical records provide evidence for the keeping and consumption of poultry and game in Medieval Leicester (Browning 2009) , as well as evidence of industrial activities such as leather working, with accounts of eggs being used in the leather working process (Thomson 1981; Hurcombe 2014) . Thus, identification of eggshell may provide a possible interpretation of past egg use at the site, whether as food stuffs or in industrial activity.
Materials and methods

Materials
Sixty-two samples were used to build the "molecular" reference collection (23 known species belonging to 15 families and 13 orders; Figure 1 ); we sampled 2 or more individual egg specimens per taxon wherever possible (the number of specimens per taxon is indicated in Figure 1 ). The reference collection includes birds that are common in the archaeological record, have archaeological significance for interpreting resource use and husbandry, or for which genomes were available (ostrich, chicken, duck, goose, pigeon, falcon, fulmar, budgerigar, barn owl). Gallus gallus, Anas platyrhynchos, Coturnix coturnix and Anser anser eggs were purchased at a local supermarket, while all other specimens were obtained from the Figure 1 . Phylogenetic tree (data from Jetz et al. 2012; Jetz et al. 2014 ) of the species used to build the molecular reference collection for this study. Stars indicate the species for which genomic data were available. Family and Order are in capitals and bold capitals, respectively. The numbers in the circles represent the number of eggshell fragments from different eggs that were used for the MS/MS analyses.
Natural History Museum (NHM-UK), which currently holds more than 1,000,000 eggs from the period preceding the Protection of Birds Act (1954) . A selection of these is set aside as a specific resource of well-catalogued and securely identified (morphologically), but otherwise data-poor, eggshells, suitable for invasive and potentially destructive research; this includes more than 450 species (containing over 90% of breeding birds of the British Isles) (Russell et al. 2010) .
With regard to the archaeological samples, 30 eggshell fragments from the site of Freeschool Lane, Leicester, were randomly selected for analysis. The excavation was conducted by ULAS during the western extension of Shires Shopping Centre, and was located in what was the North-East corner of the medieval city (Buckley 2015) . During medieval times, this street would have been near the town's main trading street and a focus of occupation and industry (Morris, Buckley, and Codd 2011 ) . The medieval period of the site is defined by three narrow plots with the remains of timber-framed buildings and associated back yards containing a range of cess pits, wells and outhouses (Browning 2009 ). The eggshells under analysis were found at the very bottom of one of these back yard "industrial" pits and date to 1400-1500 AD (Radini 2009 ).
Sample preparation
Eggshell fragments were cleaned using 0.5 M EDTA, rinsed in ultra-pure water and left to air-dry. Once dry, the eggshells were crushed to a fine powder (ca. <500 µm in size) and ∼30-35 mg subsampled for analysis. The crushed eggshell was then exposed to bleach, 12% w/v sodium hypochlorite (50 µl of bleach per mg of sample), for 100 h to isolate the intra-crystalline fraction of proteins (Penkman et al.2008; Crisp et al. 2013) . After 100 h the samples were rinsed five times with ultrapure water, briefly suspended in HPLC (High Performance Liquid Chromatography) grade methanol, in order to remove any residual bleach, and air-dried.
The air-dried reference samples were split into two subsamples (∼17 mg each), for digestion with trypsin ("T" subsamples) and elastase ("E" subsamples). Two different enzymes were used to increase the protein sequence coverage for LC-MS/MS as seen in other archaeological proteomic studies (Ostrom et al. 2006; Buckley, Collins, Thomas-Oates 2008 ; Wadsworth & Buckley 2014; Welker et al. 2015; Demarchi et al. 2016) . The archaeological eggshells were digested with trypsin only. Each subsample was fully demineralised in 0.6 M hydrochloric acid at room temperature, and the solutions neutralised. The neutralised solutions were freeze-dried overnight and the lyophilisate re-suspended in 200 µl 50 mM ammonium bicarbonate ("T" subsamples) or 200 µl 10 mM Tris-HCl ("E" subsamples). Samples were then reduced, alkylated, digested and purified as described elsewhere (Demarchi et al. 2016 ).
Analytical methods
Two separate fragments from different reference eggshells were analysed in triplicate, for a total of 132 eggshell MALDI-ToF analyses. All archaeological samples were analysed in triplicate.
1 µl of sample was spotted onto an MTP384 Bruker ground steel MALDI target plate. 1 µl of α-cyano-4-hydroxycinnamic acid matrix solution (1% in 50% Acetonitrile/0.1% Trifluoroacetic acid (v/v/v)) was added to each sample spot and mixed with the sample. All samples were analysed on a Bruker Ultraflex III MALDI-ToF mass spectrometer. Samples were analysed using the following parameter settings: ion source, 25 kV; ion source, 21.4 kV; lens voltage, 9 kV, laser intensity 40-55% and mass range 800-4000 Da. Peptide masses below 650 Da were suppressed. Each sample was externally calibrated against an adjacent spot containing a mixture of six peptides ( The 62 reference samples (see Figure 1 ) were analysed by LC-MS/MS as described in Fischer and Kessler (2015) . Briefly, peptides were separated on a PepMAP C18 column (75 μm × 500 mm, 2 μm particle size, Thermo) using a Dionex Ultimate 3000 UPLC at 250 nL/min and acetonitrile gradient from 2% to 35% in 5% dimethyl sulfoxide/0.1% formic acid. Peptides were detected with a Q-Exactive mass spectrometer (Thermo) at a resolution of 70,000 @ 200 m/z.U pt o 15 precursors were selected for High-energy Collision Dissociation (HCD) fragmentation.
Identification of taxonomic markers in reference eggshells
2.4.1. MALDI-ToF dataset FlexAnalysis software version 3.3 (Bruker Daltonics) was used to perform post-analysis recalibration on the MALDI-ToF spectra using the calibration spot closest to the sample being analysed. The spectra were then normalised and exported as text files using mMass (Strohalm et al. 2010) , an Open Source mass spectrometry interpretation tool.
The three analytical replicates were averaged and all m/z values corresponding to common contaminants (keratin, trypsin, α-cyano MALDI matrix) were excluded from further analyses. The remaining m/z values were examined in order to identify the monoisotopic peak for each distribution and then used to build an adjacency matrix. This matrix (Table 1) identifies m/z values that are shared among taxa and those that are unique to a certain species.
LC-MS/MS dataset
LC-MS/MS data obtained from the 62 reference samples were analysed using PEAKS 7.5 (Bioinformatics Solutions; Zhang et al. 2012) . Mascot generic format (mgf) files were searched against a public reference database of bird proteomes downloaded from NCBI (https://www.ncbi.nlm.nih.gov/; accessed January 2015). In order to accelerate the bioinformatic analysis the search was limited to sub-databases containing: (1) the proteomes of all taxa for the order of the bird being considered (e.g. all Anseriformes for Anas platyrhynchos); (2) the proteomes of all Struthioniformes and of Gallus gallus and (3) all common contaminants (cRAP; common Repository of Adventitious Proteins: http://www.thegpm.org/ crap/). The search assumed no digestion enzyme and had a fragment ion mass tolerance of 0.06 Da and a parent ion tolerance of 10 ppm. Results obtained by SPIDER searches (i.e. including all modifications) were used for protein identification using the following threshold values for acceptance of high-quality peptides: false discovery rate threshold 0.5%, protein scores −10lgP ≥ 40, de novo sequences scores (ALC %) ≥ 80. This resulted in the identification of 5755 unique protein identifiers.
Combining the MALDI-ToF and LC-MS/MS datasets
The m/z values (unique and shared between samples in our dataset) identified from the MALDI-ToF data were matched directly to the list of 209,117 possible charged peptide masses obtained by LC-MS/MS and identified by bioinformatic analysis (corresponding to 53,612 unique peptide sequences). The search was restricted to sequences found in that taxon (e.g. m/z values found in Anas were only matched to peptides identified in Anas), using a wide tolerance of ±0.1 Da. In order to select the most probable match in the cases where many peptide sequences could be assigned to the same m/z value within the 0.1 Da interval, we evaluated each of the possible combinations taking into account: the number of experimental replicates in which a certain sequence was identified, the score of the identification for the peptide, the number of spectra and the presence of "unusual" modifications. We expect that proteins will undergo post-translational modifications as part of forming the mature protein product, but also due to diagenesis (oxidation, dehydration, deamidation) or sample preparation (carbamidomethylation). Any rare modifications are unlikely to be a frequent feature of the peptide sequences found in the archaeological record.
Studies have shown that some eggshell proteins are very similar, or highly conserved, among a wide range of avian taxa (Nys et al. 2004; Marie et al. 2015) . For 
example, the protein "BPI fold containing family B member 4" is recognised in 55 avian taxa and can be very highly conserved (Figure 2) . Therefore, all the peptide markers identified were searched against the whole NCBI database (accessed 15/12/2017) and their occurrence in other organisms assessed (birds, but also e.g. mammals, bacteria). This analysis allowed the taxonomic level of identification achievable by each marker to be evaluated.
Microscopy
Twenty of the Freeschool Lane eggshell fragments were analysed with a Keyence Digital VHX 5000 series microscope.
Results and discussion
Eggshell peptide markers
The identification of taxon-specific peptide sequences in eggshell is more laborious than for bone, or other substrates where collagen dominates the proteome, because eggshell is formed rapidly in the womb of the bird (a matter of a few hours) and, as a result, the whole uterine proteome, as well as a range of biomineralisation-specific proteins, can become occluded in the calcite crystals that constitute the mineral matrix. Even the isolation of the intracrystalline fraction by bleaching (Sykes, Collins, and Walton 1995 Penkman et al. 2008; Crisp et al. 2013) does not drastically reduce the number nor the variability of the proteins trapped in the shell (e.g. 273 were identified in bleached ostrich eggshell; Demarchi et al. 2016) .
In total 782 m/z values were determined that, based on the MALDI-TOF analysis, appeared to be specific to particular reference taxa. Of these, 411 were unique (i.e. found only in one taxon), as summarised in Table 1 . More than 70% of the m/z values for Struthio, Anas, Tetrao, Coturnix, Melopsittacus were only found within these taxa; between 50% and 70% for Anser, Phasianus, Gallus, Caprimulgus, Phalacrocorax; between 30% and 50% for Puffinus, Fulmarus, Columba livia, Larus, Fratercula, Muscicapa, Carduelis, Passer, Corvus and Tyto; below 30% for C. palumbus, Falco tinnunculus and F. peregrinus. Figure 3 shows the undirected network resulting from the representation of the adjacency matrix (Table 1) : while many m/z values are shared among members of the same family/order, as would be expected, it is remarkable how many values are shared between different families across the avian clade.
Of the 782 m/z values identified by analysis of the MALDI spectra 583 were successfully assigned to a peptide sequence (see Supplementary Information for the full list of potential markers): 58 yielded a match to a single peptide and 525 yielded a match to more than one peptide sequence within the 0.1 Da interval. 199 m/z values could not be assigned to a peptide sequence; these unmatched values were present in all bird taxa except for Gallus (all m/z for Gallus values produced a match to a characteristic peptide sequence), albeit in different proportions. Interestingly, the highest number of m/z values which did not produce a match belonged to Larus, a bird for which the genome is not available: of the 26 m/z values determined (11 found only in Larus and 15 shared with Fratercula, Columba and Tyto), only 4 (3 of which had appeared to be Larus-specific) produced a match to a peptide sequence. It is therefore possible that these unassigned markers could be useful for characterisation of Larus eggshell. However, 17 of the 46 m/z values determined for characterisation of Anser (for which genomic data are available) also did not yield any peptide match.
The peptide sequences matched to m/z values mostly belonged to eggshell-specific proteins: ovocleidin-116-like (OC-116 is the eggshell ortholog of mammalian MEPE (matrix extracellular phosphoglycoprotein); Hincke et al. 1999; Bardet et al. 2010; Mann and Mann 2013) , ovocalyxins (Cordeiro et al. 2013; Mann and Mann 2013; Mann 2015) , ovocleidin-17 (Hincke et al. 1995) , struthiocalcin and rheacalcin (Mann 2004; Mann and Siedler 2004) and ansocalcin, the struthiocalcin-like protein sequences from goose eggshell (Lakshminarayanan et al. 2003) , which has now been retracted from NCBI and yet was recovered with 100% coverage in geese and duck eggshells in the present study. Egg tissues proteins (ovomucoid, ovotransferrin, ovostatin, mucin, proteins from the vitelline membrane, albumin) were also present, as well as a number of other components of the uterine proteome (Mann 2007; Du et al. 2015) . This increases the confidence in the reliability of the markers for eggshell identification as it shows the presence of identified peptides should be quite consistent between samples, despite the randomness due to the fast incorporation of the proteins during egg formation. . MALDI-MS of sample L-13795 (average of three replicate spectra) from the Freeschool Lane site, showing the identification of the sample as Gallus eggshell. This is based on a set of 16 peptide markers, unique to Gallus, and further supported by 7 markers which are non-specific but are found in Galliformes and, in some cases, other birds (Fulmarus, Phalacrocorax).
Taxonomic identification of eggshell is obviously easier when a certain species, analysed by MALDI, yields spectra characterised by peptide markers that are mostly unique, i.e. not shared with other taxa. This was the case for Struthioniformes, Anseriformes and Galliformes, with the number of unique markers being 36 for Struthio, 22 for Anas, 22 for Tetrao,2 0 for Gallus, 18 for Anser, 18 for Phasianus and 16 for Coturnix. A high number of unique peptide markers was found for Melopsittacus (18) and Phalacrocorax (16), while the highest number of markers found for the Passeriformes was Carduelis (11) closely followed by Muscicapa (10) and Passer (9). For the other taxa, Caprimulgus counted 4 markers, Corvus 5, Columba livia 6 and C. palumbus 4. Falco peregrinus (3) and F. tinnunculus (8) also displayed a relatively low number of unique peptide markers, similar to Fratercula (8) and Fumarus (10), Larus (3), Puffinus (10) and Tyto (7). However, each of the peptide markers that are determined here as potentially unique may in fact be present in other bird taxa, which were either not analysed in this study, or present in low concentrations that may not be detectable in our reference spectra, although we try to account for biological variability with the use of replicate samples.
In order to verify the occurrence of the peptide markers in other organisms which were not included in our reference collection, we performed peptideprotein BLAST searches of the whole NCBI database for each of the 583 peptide sequences identified. In each case the organisms (or group of organisms) that yielded a sequence hit with 100% identity and 100% coverage are reported in SI. This was a useful exercise, as it revealed that many of the sequences are in fact very conserved. For example, 129 were found in multiple bird species across the avian clade, therefore we can assume that these will be useful to identify eggshell at the level of Class (Aves). The highest number of these generic "bird" peptides were found in the seabirds (Fulmarus, Fratercula and Puffinus). Furthermore, 71 peptides were found in a range of organisms, and they can sometimes be used only as a marker of "vertebrates" or even higher. Peptides were found in various families and genera belonging to the same order or superorder (89) or to different orders (39). 45 peptides were identified to the level of protein sequence (struthiocalcin and ansocalcin), as these molecules regulate mineralisation their homologues are widespread in avian eggshells.
The most informative peptide sequences were those found in birds belonging to the same family (81, among which 45 Phasianidae) and those found in species belonging to the same genus (117, including 5 peptide sequences for Anas, 2 for Anser, 7 for Melopsittacus, 8 for Phalacrocorax, 3 for Tyto, 19 for Struthio and 28 for Falco). However, the latter cannot be used confidently as genus-level markers because they represent the only genus for which a genome is available within their family; we therefore suggest their use as family markers (Anatidae, Psittaculidae, Phalacrocoracidae, Tytonidae, Struthionidae and Falconidae). On the contrary, family Phasianidae is fairly well represented at genomic level, including turkey, quail, black grouse and greater prairie chicken as well as domestic chicken. Therefore, Gallus markers can be used to identify chicken to the level of genus (if not species). Similarly, genomes of family Columbidae include both Columba livia (the rock pigeon) and Patagioenas fasciata monilis (the bandtailed pigeon), therefore sequences found in Columba but not in Patagioenas can be used fairly confidently as genus-level markers. One sequence (VQPYQGLWLFR, from the vitelline membrane outer layer protein 1-like) might even represent a species-specific marker for the rock pigeon, but only the sequencing of more genomes will be able to assess the validity of this assumption.
Identification of the Freeschool Lane eggshells
The Freeschool Lane eggshell samples were analysed and the m/z list compared (using a tolerance of 0.1 Da) to the peptide markers. All samples which had yielded good-quality spectra (27 out of 30) were identified as Gallus. A typical spectrum is shown in Figure 4 : we identified 16 unique Gallus peptide markers (highlighted by the black chicken symbol in Figure 4 ). All of these, except for m/z 803.4, 878.4 and 1042.6 were only found in Gallus gallus sequences by BLAST searches. We also identified the presence of further 7 peptides (orange chicken symbol and m/z values) that are shared by Gallus and other taxa in our reference dataset (both Phasianidae and sea birds).
Three samples produced poor-quality spectra, and we hypothesise that they had potentially been exposed to high temperatures (boiled or roasted, which cannot necessarily be identified from macroscopic or microscopic alterations of the shell); however further analysis would be required to confirm this (Crisp et al., 2013 ) .
The microscopic examination revealed no mobilisation of calcium from the internal surface of the eggshell, which occurs with chick development (Figure 5 ). Therefore, these samples do not represent post-hatching discard in the pit, but rather eggs which were infertile or relatively freshly laid (within the first 10-12 days of incubation) (Karlsson and Lilja 2008; Best, Maltby, and, Demarchi In prep) . The identification of chicken eggshell ties in well with the other archaeological evidence (e.g. Connor and Buckley 1999; Browning 2009 ). Overall the results suggest that the chicken eggs at this site were being used as "eggs", rather than for chick production. They may have been eaten, or possibly used in some of the industrial activities present at the site, such as leather working.
Conclusions
In this study we identify a set of 782 m/z values potentially useful for eggshell identification in the archaeological record. These include 583 m/z values which could be matched to peptide sequences, obtained from the indepth proteomic analysis of 62 eggshell samples belonging to 23 different avian species. The increase in the number of genomes publicly available on the NCBI repository has also allowed us to evaluate the occurrence of each peptide sequence in different organisms, by carrying out BLAST searches against the whole protein sequence database. This analysis has shown that the specificity of most peptides is in fact lower than expected, which implies that the taxonomic identification can be achieved only to family level or higher. It also points towards the curious fact that bits of "molecular machinery" somehow involved in biomineralisation probably have very deep origins in time. Notable exceptions were found to be chicken and pigeon, which can be identified with more confidence to the level of genus or even species. In this study, we could successfully identify the eggshell samples from the Freeschool Lane site, Leicester (UK) as chicken, and the observation of their internal microstructure suggested that these eggs were probably exploited for eating or for some other human-related activity, rather than the breeding of chicks.
Overall, we highlight that while using m/z values as markers can be extremely useful for taxonomic identification of some archaeological substrates, the complexity and variability of the eggshell proteome is such that the use of markers of known peptide sequence is preferable. Nonetheless, the limitations of this approach are evident: hundreds of avian species, each with a different ecological requirements and behaviours, may be present at any one archaeological site. In order to address meaningful questions related to human-bird interactions in the past, identification at the level of genus or species is needed. The reference collection will need to be expanded in breadth and depth and will need to keep up with advances in avian genomics, which will be crucial for assessing the ability of the markers to distinguish between closely related species. 
